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SHOCK  PRESSURES  IX  TWIL8  ORIENTED  PACE-OX  AXD  SIBX-OX 
TO  A  LONG  DURATIOX  BLAST  WAVI 

ABSTRACT 

Tii«  orientation  of  a  tunnel  *ntr*M*  with  r*ip*ot  to  th*  Viret  point 
of  a  boat)  play*  a  major  part  la  detoralnlrg  th*  etrer.«th  of  (book  propagated 
through  th*  tunnel.  Data  from  tunn«l*  oriented  faee-on  and  elde-oa  to  a 
blaat  wave  are  ooapared  to  o  shook  tub*  -*Jth  an  area  change  at  th*  dlaphrags. 
The  analogy  permits  data  to  be  a*i-  ^pointed  to  high  shook  strengths. 
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LiTRODtJCTIO* 

This  report  la  lntanfad  to  aid  tha  designers  of  proteotive  oonatruo- 
tlon  In  thaJr  purault  of  Information  dueling  with  tha  behavior  of  blaat 
vavaa  In  tunnela.  Tha  papar  put  a  forth  an  analogy  which  will  parmlt  ona  to 
prediot  reasonably  wall,  tha  praaaura  whioh  Bay  ha  axpaatad  at  oartatn  points 
in  a  tunnal  ay a tarn,  Bpaoifleally,  it  daala  with  the  maximum  preaaurea  that 
are  developed  in  tunnala,  for  two  orientatloma  •  the  face-or.  tunnel  and  tha 
tunnel  orientated  alda-on  to  the  blaat  wave.  The  analogy  ocatparea  the 
oonditlona  at  the  tunnel  antranoe  with  the  aondltlona  eoroae  a  pressure- 
laden  diaphrapi  in  a  ahoek  tube.  Curvea  whioh  relate  the  ahoek  preaaurea  to 
the  ohamber  preaaurea  are  prevented  along  with  eon.  data  from  tunnel  experl* 
manta  oonduated  at  HU.  HU  data  were  obtained  up  to  a  shook  strength  of 
3,  approximately  100  pal  overpreaaure  when  the  ataoapherlo  preaaure  la  lA.7 
pal,  but  the  theoretloal  ourves  are  plotted  to  a  shook  strength  of  V).  It 
la  felt  that  tha  manner  in  whion  the  data  support  the  analogy  at  the  lower 
end  of  tha  ourve  permit  reasonable  predlotloo  of  preaaure  beyond  the  shook 
strength  tested. 

This  report  deals  with  simulated  large  sxploslonr  where  there  is 
virtually  no  decay  during  the  shook  formation  time  in  the  tunnel.  The  shack 
tube  data  presented  were  obtained  with  a  step  shook  wave  whioh  simulated 
this  ease.  Peaked  shook  waves  would  yield  data  With  preaaure  value  a  leas 
than  thoaa  which  are  presented  in  this  report. 

ORXUOTXON  AND  HRRAKH  CUCMM* 

The  orientation  of  a  tunnel  entrance  with  reapeot  to  tha  hurst  point 
of  a  bomb,  plays  a  major  part  in  the  determination  of  the  strength  of  the 
shook  wave  that  la  propagated  through  the  tunnal.  further;  the  geometry  of 
the  area  in  the  -to  unity  of  the  antranoe  Influences  the  shook  in  the  tunr.sl. 
For  instance,  for  the  faoo-on  owe,  if  the  tutuw '  antranoe  has  a  large 
refloating  area  surrounding  It,  Ilka  a  tunnal  entrust  in  the  faoe  of  a 
largo  shear  oliff,  a  eiseable  reflected  praaaura  region  would  axlst  when 
a  shook  wavs  was  directed  at  tha  oliff,  This  refloated  preaaure  region 
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•nhanoM  tha  (hock  way*  that  1*  prapsgatad  In  tha  tunnal.  On  ths  otbar 
band,  tha  antranoa  of  a  thin  wall  plpv  would  prasant  no  raflaotlng  araa 
and  would  aarsly  oonflna  tha  ahook  wava  to  a  on  a  aiaanalenal  axpanalon. 

In  nonfiguration  (a)  of  Plgura  1  thara  la  no  raflaotlng  araa  ao  whan  tha 
ahook  wava  la  dlraotad  at  tha  configuration  thara  la  Ju  it  a  ona  dimensional 
axpanalon  of  tha  wava  aftar  It  antara  tha  pipa.  In  (1/  thara  la  aoaa 
raflaotlng  araa  and  hanoa  a  partial  anhanaaaant  of  tha  wava.  Caaa  (a)  la 
tha  aoat  aavara  oondltlon  baoauaa  it  pamlta  tha  moat  au staining  raflaotad 
praaaura  region. 

With  a  elda-on  tunnal  orlantatlon,  l.a.,  tha  tunnel  poaltlonad  with  Ita 
axla  parpandloular  to  tha  dlraatlon  of  blast  propagation,  tho  abaonoa  of  a 
«i?l sating  sons  will  Halt  tha  praaaura  at  tha  antranoa  to  tho  slda-on  or 
lnoldant  ahook  proaaui'a.  Tha  ahook  procaura  In  th*  tunnel  will  ba  laaa  than 
tha  lnoldant  appllad  ahook. 

Ona  oan  aaa  now  that  tho  praaaura  phtnoaana  at  tha  antranoa  of  a  tunnal 
will  vary  with  tho  orlantatlon  of  the  tunnal  and  surrounding  araa. 

no  coNmnaD  oab  mock  tub* 

A  ooapreastd  gaa  shook  tuba  has  a  ooavrsaalon  ohukbsr  and  an  axpanalon 
ohaabar  whloh  art  aaparatad  by  a  brsakabla  dlaphraga.  A  praaaura  dlffarantlal 
la  ore*tsd  across  tha  dlaphraga  by  putting  an  ovarproaauro  of  gas  In  tho 
ooaproaalon  ohaabar,  by  avaouatlng  tha  axpanalon  ohaaibar,  or  a  ocabinatlon 
of  both.  A  ahook  wavo  is  fornad  whan  tha  diaphraea  la  napturad  and  tho 
roloaaad  gaa  aslta  into  tha  axpanalon  ohantar.  Tha  duration  of  tha  shook 
wavo  that  la  gonoratad  la  a  function  of  tho  ooxpraaalon  ohaabar  longth,tha 
ooxprosslon  ohaabar  praaaura,  and  tha  dlatanoa  froa  tho  dlaphraaa  to  tha 
aaasurlng  point  (Rafvi-auo  1).  Whan  tha  ooapraaalon  ohaabar  araa  la  auoh 
largar  than  tha  axpanalon  ohaabar  araa,  graatar  ahook  praaauroa  ara  davalopad 
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In  the  ox  pan  (lor,  ohaaber  for  a  given  ohaaber  praaaura.  In  Figure  2,  the 
pressure  relationships  are  plotted  for  both  the  aiaple  shook  tube  and  the 
tubs  with  an  area  ahor.go  at  the  diaphrogs  (Reformats  2,  9,  A  4). 

MOCK  TUB  AJUdJXft 

Consider  now  the  faoe-on  tunnel  with  a  large  reflection  region  sur¬ 
rounding  the  tunnel  entranoei  the  situation  at  shook  lapingeaent  tlaa  le 
analogous  to  the  shook  tube  with  an  area  discontinuity  at  the  dlaphraga. 

The  analogy  la  shown  In  Figure  9  4iere  the  stagnated  reflected  pressure 
region  Fj  is  equated  to  the  compression  ohaaber  pressure  fg  sad  the  dlaphn^p 
lias  a  sero  breaking  tiJM.  For  case  (a)  the  driver,  or  reflected  pressure, 

Pj  is  a  result  of  the  reflection  of  tg  and  haase  the  new  shook  lg  can  be 
rslstad  to  rg.  This  theoretical  relationship,  expressed  la  teres  of  pressure 
ratios  is  shown  in  Figure  4  along  with  caste  date  points  fraa  ML  experiments. 
The  relationship  plotted  considers  the  tcaqperature  of  the  gas  in  the  com¬ 
pression  ohaaber  to  be  the  mm  tcapereture  as  that  in  the  refloated  shook 

V 

The  data  points  were  obtained  by  attaching  blind  fUjujoc  to  the  OIL 
shook  tube  and  producing  shots  against  the  flanges.  The  tunnels  with  ptaao 
gagas  attached  to  the  vails  ware  attached  to  the  flanges.  One  set  of  dnta 
was  obtained  on  the  24"  dleaater  tube  with  e  1"  pipe  in  the  flange  serving 
as  the  tunasl.  The  ratio  of  areas  le  quite  large  for  this  ease,  other  sets 
of  data  ware  obtained  on  the  4  x  15*  tube  with  1"  and  2"  disaster  plpee. 

Rote  that  two  data  points  are  noticeable  below  the  aurve.  These  points  w«,r>. 
obtained  near  the  entrance,  in  a  raglon  where  the  transmitted  ebook  was  not 
fully  developed.  In  general  the  date  fit  the  curve  and  substantiate  the 
analogy. 

Fro*  this  plot  one  can  see  that  the  shoal,  wave  that  is  transmitted  down 
the  tunnel  Is  stronger  than  the  Incident  wave.  For  ins tense,  an  incident 
ahook  strength  of  7  products  a  new  shock  strength  of  10.2.  At  an  atacspharlo 
pressure  of  14.7  psl  this  le  an  ovsrprsssurt  increase  from  86  to  199.  a 
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reflecting  well  or  door  In  tht  tunnel  will  receive  735  pel  •#  oppoeed  to 
425  pel.  An  extrapolation  of  theee  dele  to  a  P^  of  15  incident  at  the 
tunml  yield*  a  P01'  of  22.2.  At  an  ataoepherlo  preeeur*  of  14.7  this  la 
a  preeaure  Inoreaae  from  206  to  512  pal. 

SHOCK  FOaMATIOH 

It  la  obvloua  that  aotn*  formation  time  la  required  to  build  the  ahook 
wav*  from  the  P0  value  to  P^' .  Thla  tla*  1*  a  funotion  of  the  tunnel  diameter, 
the  ahock  preaaure,  and  the  area  of  the  reflecting  aurfaoe.  In  the  preceding 
dlacuaalon  t’.io  area  v».  uoneMereci  to  be  very  lnrge,  an  "infinite"  baffle, 
hence  the  new  ahock  wav*  generated  waa  the  maximum  poaalbl*  for  the  given  value 
of  lnoldent  preaaure.  Baffle*  that  are  lee*  than  "wffaotlvely  Infinite"  will 
produo*  Pg'  valuta  lea*  than  the  max Imam  ahown  In  the  Figure  4. 

With  very  large  baffle*,  the  thloknsaa  of  the  refleoted  preeeur*  region 
le  eufflolent  to  establish  ateady  flow  In  thw  orlflo*.  One  can  tee  then  that 
the  time  required  for  a  layer  of  reflected  preaaure  aufflolently  thiwk  to  pro* 
vide  ateady  flow,  muet  be  inherently  related  to  the  or t floe  diameter. 

Froi  Figure  5  we  can  ••*  that  Initially  the  preeeur*  In  the  tunnel  Is 
that  of  the  applied  preeeur*,  hence  gage*  poeltlonad  aloe*  to  the  urlfloe  will 
not  meaeure  the  fully  developed  ahook  preaaure.  Thoee  oloa*  t,«  the  orlflo* 
poeltlona  alao  ehow  a  complex  wav*  form  that  oomprlae*  both  the  lnoldent  wave 
and  earn*  part  of  the  higher  preaaure*  from  the  reflection  eon*.  The  dletano* 
required  for  thee*  two  preeaure*  to  coaleao*  end  form  the  maximum  ahook  1* 
oonaldarad  the  formation  dietanoe.  Thla  diatano*  la  generally  axpreeead  in 
tunnel  diameter*  and  baaed  on  the  Ml.  data  to  date,  It  will  be  between  5  and 
20  tunnel  diameter* . 

On*  oan  ae*  now  that  if  the  baffle  diameter  1*  not  large  enough  to  sue* 
tain  the  refleoted  preeeur*  until  the  new  ahook  wav*  la  fully  developed,  the 
formation  dletano*  will  be  ahurter  and  the  maximum  poealble  ahook  aa  pro* 
dloted  from  Figure  4  will  not  be  obtained. 


Figure  6  la  a  plot  of  aaxlaua  precaura  as  a  function  of  plpa  diameter 
for  two  shook  strengths.  The  skstoh  on  tha  figure  chows  the  physical  arrange¬ 
ment  of  the  experiment.  The  pressure  ratios  at  0  disasters  are  that  of  the 
Incident  applied  pressures  and  not  the  reflected  pressures  on  the  baffle, 
and  the  aaxlaua  pressures  as  prsdloted  from  Figure  k  are  shown  by  tha  dashed 
lines.  The  dlsorate  location  of  the  gagss  present  the  possibility  of  alsslng 
the  preolse  pressure  aaxlaua. 

THI  BBS-ON  Turn?. 

When  a  shook  wave  approaches  a  tunnel  so  that  the  tunnel  axis  Is  90 
degrees  to  the  direction  of  propagation  of  the  applied  shook,  the  shook  In 
the  tunnel  (traawltted  shook)  Is  less  than  tbs  Incident  applied  shook.  The 
driving  pressure  here  for  the  new  s.took  wave  la  appraxlaately  the  Inal  dent 
pressure  of  the  applied  wave,  but  tha  gas  Is  not  stf* loner jrj  it  is  aoviag 
aoross  the  ground  with  a  velocity  equal  to  the  partlole  velocity  cf  the  applied 
shook.  It  is  also  a  hot  gas.  If  we  consider  this  gas  velocity  to  be  aero, 
one  oan  again  revert  to  the  shook  tube  analogy.  The  validity  of  aathnaatloally 
bringing  the  gas  velocity  to  sero  without  applying  a  oo-rsotlon  raster  is 
open  to  question.  Intuitively  one  feels  that  because  of  the  gas  velocity,  the 
traaasdtted  pressure  will  be  loss,  and  that  a  correction  factor  would  adjust 
the  result  in  that  direction. 

Figure  7  shows  data  obtained  froa  tunnels  aounted  side-on  to  the  shook 
tube  and  the  theoretleal  relationship  for  a  large  area  oooqnresslon  ohoaber. 
Again  the  gas  in  the  would-be  a  oppression  chamber  has  been  corrected  to  the 
teaperature  of  the  shook  wave  Tgy 

In  Figure  8  the  faee-on  and  side-on  art'  .  at  loos  are  esspared  so  test 
one  nay  observe  t‘*  difference  in  aaxlaua  p. .  .sure  as  a  result  of  the  orien¬ 
tation.  The  advantage  gained  by  the  sids-a  orientation  is  obvious. 

Tumu.  ami -on  to  a  two®. 

Another  consideration  with  the  side-on  tunnel  is  the  tunnel  that  is 
side-on  to  another  tunnel.  Here  the  initial  shook  wavs  is  confined  to  a 
tunnel  whloh  has 'the  seas  area  as  the  Joining  tunnel.  It  is  felt  that  beoause 
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of  the  rsstrloted  air  supply  tus  conditions  bore  nearly  resembles  the  simple 
•hock  tube  configuration.  Data  froa  nxperlaento  oonduoted  with  thle  configu¬ 
red  Ion  are  plotted  In  figure  9  vlth  the  relatlonehlp  for  a  a Imp] 6  shock  tube. 

COJCTXDURATIOK  AJttLYSIS 

The  three  theoretical  curves  vhloh  have  been  presented  a  an  be  applied 
to  three  types  of  entrance  conditions,  figure  10  shove  a  tunnel  syatsm  and 
the  three  eurvea  plotted  In  tense  at  pressure  rather  than  pressure  ratio.  The 
lengths  of  the  tunnels  will  be  sufficient  to  permit  the  maximum  shock  to 
develop  and  ve  vlll  assume  no  attenuation  due  to  tunnel  vail  roughness  or  the 
one  dimensional  expansion. 

For  i  very  large  bomb  burst  direr!1  y  over  Tunnel  A,  where  the  pressure  at 
the  entrance  before  reflection  from  the  around  Is  100  pal,  the  pressure  developed 
In  Tunnel  A  vlll  be  160  pel.  This  shock  moving  across  tha  cntranoc  to  B  tunnel 
propegatea  a  new  shook  of  75  pel  into  tha  tunnel.  Curve  B  la  used  hare  baaauaa 
Tunnel  A  Is  much  larger  then  Tunnel  B.  Xn  Tunnel  C  tha  pressure  as  road  from 
f  orva  C,  tha  relationship  for  a  1  to  1  shook  tuba,  la  ?5  pal. 

Xn  an  analysis  tuoh  as  this,  one  must  bear  In  mind  that  tunnels  are  not 
Infinitely  long  and  that  thare  vlll  be  -enactions  and  rarefactions  In  the 
ayatam.  for  short  tunnels,  reflection  from  blind  enlc  will  ta  greater  than 
the  pressure  shown  hare  as  maximum  pressures.  Xn  vsry  long  tunnsls  ths  shook 
wave  attenuation  may  be  significant,  so  that  the  starting  pressure  Ir.  secondary 
tunnela  vlll  net  be  chase  described  In  figure  10.  Experiments  presently  in 
proetes  at  BXL  are  designed  to  yield  information  on  this  attenuation  history 
of  the  blast  waves. 

It  Is  bellevsd  tf.«t  Information,  presented  vlll  be  of  value  to  parsons 
ooneemed  vlth  ths  proteotive  oonstr  etlan  problem. 
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FIG.  5 -SHOCK  FORMATION  IN  FACE  ON  TUNNEL 
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FIG.  6 -SHOCK  FORMATION  DISTANCE  AS  A  FUNCTION  OF 

PRESSURE  RATIO 
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FIO.  7  -  INCIDENT  VS  TRANSMITTED 
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FIG.  8  -  TRANSMITTED  SHOCK  PRESSURE  RATIO  AS  A 
FUNCTION  OF  ORIENTATION  AND  PRESSURE 
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